Abstract-Recent applications of Photovoltaics and other renewable energy sources have tended to be linked to provide energy for remote applications such as desalination, telecommunications and signage. The use of Hydrogen fuel cells has also been the subject of much research for potential traction and transportation applications. This paper describes the design and implementation of a practical power system that integrates photovoltaics, battery storage and hydrogen fuel cells for remote telecommunications systems. The paper will provide an overview of the overall system architecture, details of the hardware prototype installation and some preliminary results. A wireless telemetry system and control system was also implemented to allow optimization and evaluation of different control and energy management strategies.
I. INTRODUCTION
With the explosion of Telecommunications globally, it has often been the case that copper or fibre infrastructure is either lagging behind, or simply too expensive to be rolled out across rural and remote communities. This can be a particular issue in developing regions of the world such as Africa and parts of Asia. In spite of this, there has been a huge demand for personal, mobile communications via cellular telephones and to use this as a mechanism to provide reasonable bandwidth communications for voice and data in these remote areas. The obvious infrastructure need is for a network of telecommunications masts to provide coverage to at least medium size locations. A fundamental problem with this is the potential lack of access to grid power, and therefore the masts need to be self-sufficient for several months at least.
The power requirements for a typical rural mast will be of the order of several hundred Watts (peak) and an energy budget profile can be estimated for typical applications. Using the existing power grid has been proposed as a means of facilitating such communications [1] , however if there is not grid in place, then this will clearly not be feasible. Using some form of Photovoltaic or wind generation is also possible. In order to reduce the dependence on favourable irradiance or wind conditions, battery storage is often used, however this can lead to an expensive and vulnerable system. One approach is to consider a fuel cell approach, with a much smaller battery store. Previous recent work has looked at this type of approach for rural domestic power [2] , [3] , however this does have the luxury of a reasonable size footprint, whereas one of the issues to be considered in our system is the requirement for the majority of the equipment to be located as part of the mast structure.
Some novel techniques have been employed to improve the power output from marginal condition installations such as Module Integrated (MI) topology which involves connecting micro-converter or micro-inverters to the array [4] . This approach can give reported improvements in output of more than 200%. The inclusion of bypass diodes within an array structure has become the norm in a static array, and Cold Bypass Switching (CBS) [5] can also lower the losses caused by the conventional bypass diode. Efficiency is improved and the device temperature can be much cooler [6] -which is important in a remote location where reliability is crucial.
There are also other PV conversion techniques that reinvest a portion of current back into the string instead of simply driving a load [7] , [8] -which can provide an overall gain in power extracted from the system. Irradiance equalization is a technique that is becoming used frequently to improve the efficiency of a PV installation, especially in marginal conditions. The "irradiance equalized DPVA" (IEq-DPVA) is very effective at reducing the effects of partial shading and some implementations utilize adaptive banks instead of completely reconfigurable structures [12] , [13] , [14] , [15] , [16] , [18] .
Despite all these techniques, the fundamental limitation of PV is that a lack of sun will provide almost no power, wind is not guaranteed, and the installation restrictions on a communications mast means that a large battery installation is simply not always feasible.
This paper describes a feasibility study of a hybrid Fuel Cell and PV system, with integrated battery storage, with the target application of a mobile telecommunications mast in rural or remote applications. The load has been integrated into the system to allow dynamic load control and profiling, and a telemetry system also integrated to allow profiling and also optimization of the configuration to be evaluated.
II. DESIGN

A. System Design
The approach for the design of the demonstrator system was to investigate a balance between the solar and fuel cell power capabilities and the storage required to provide back up capacity. Clearly it is advantageous to be able to use In order to investigate this, the system was designed from the outset to provide a completely configurable system, where each element could be switched in and out remotely, and also the load could be controlled to both mimic the load profile of a representative system, but also to allow the optimization of the in service usage of the system. The overall design of the demonstrator can be seen in 1 where the fuel cell, battery and controllable load were located in a remote box, and the system also consisted of a Hydrogen store (canister) on the ground and the solar panel mounted on the top of the mast. The mast also contained a wireless radio aerial, and a monitor and control station was located in a nearby control room for remote telemetry.
B. Fuel Cell and Solar Control
In order to provide an integrated control scheme for the fuel cell and also the Solar supply, a custom PCB was manufactured that contains the main power switches and also a serial interface (for the fuel cell), USB for connection to a laptop for control and monitoring purposes and an RF link for connection to the remote control station. The control PCB is shown in Figure 2 .
C. RF link for telemetry
The RF link is via a simple 868MHz transceiver chip with a separate antenna (located on the top of the system mast), and with an on board controller, with USB connection for configuration. The receiver is shown in Figure 3 . 
III. IMPLEMENTATION A. System Overview
The system was implemented inside a weatherproof box that could be bolted to an exterior location, in this case the Hydrogen storage cage at the University of Southampton Nanofabrication facility. The solar panel would then be attached to a steel mast which would then be located above the roof line, and the hydrogen cell could then be easily connected to the inlet of the fuel cell on the underside of the box, and the output vent of the fuel cell would be safely open to the atmosphere. The complete system can be seen in Figure 4 . The system has a local battery storage (top left), PV maximum power point tracker (top right), load box (top center), Hydrogen Fuel Cell (lower left), System Control Board (including remote telemetry), (lower right) and finally main switch panel (right hand side). Each element of the system can be manually controlled using the switch panel, however once the equipment has been installed, can also be monitored and controlled via the wireless link.
B. Installation
The system installation is shown in Figure 5 , where the PV cell can be seen mounted on a steel mast, bolted securely to the hydrogen storage facility. The Telemetry aerial can be seen at the top of the mast. A similar aerial is located on the adjacent Engineering lab building where the control and telemetry PC is located.
IV. RESULTS
The Unit was tested by setting up various load scenarios using the remote control interface on the lab based control PC. A software interface was developed to show the status of the power elements, the load and also the state of charge of the battery. The user interface was designed to be easy to use, and also data was logged over time to allow offline analysis to be undertaken. As can be seen from the interface shown in Figure 6 , the system can operate with Solar only, Fuel Cell only, battery only and any combination of these elements. The load can be turned on or off, and various threshold can be set up so that the system will switch from solar to battery to fuel cell as required.
In the example shown in Figure 3 , the solar is off (i.e. the test is in night conditions), and the threshold of the battery voltage was defined to have limits set so that when the lower voltage threshold was reached, the fuel cell would turn on, and when the upper limit was reached, the battery was charged and therefore the fuel cell was turned off. The current status of the system in Figure 3 shows that although the load requires only 0.78A, as the maximum threshold of 14.3V has not been reached, the fuel cell is continuing to charge the battery at the rate of 2.08A (@12V). (Note, the fuel cell current is higher, as the output voltage of the fuel cell is only 7.7V, and this is stepped up in the control board with a simple power converter to the system voltage of 12V) Due to adverse weather conditions over the winter in the United Kingdom, the system is now starting to provide realistic data for the PV system and this will be given in some detail at the conference, however the preliminary results can provide some initial information of the efficacy of the system.
The load is running at 12V, with a load current of 0.78A, which is a power of just under 10W (9.36W). Over a 24 hour period this results in a total power requirement of 224.64 Wh. The battery in this example system is a relatively modest capacity 6Ah 12V battery which provides only 72Wh, which is about 30% of the overall power required for the load.
The PV panel is a 20W panel, and under excellent conditions will provide something like a further 100-150W to supply the load. Under peak PV conditions in the summer, this will enable the load to be powered for almost 100% of the time, however in poor lighting conditions the fuel cell will be required to provide enough power top not only supply the load, but also to replenish the battery.
The results indicate therefore that in good lighting conditions in summer, with effective PV power supplied to the system, the fuel cell will only be required for relatively short timescales to top up the battery, however, clearly, in winter or inclement weather, the PV and battery solution alone is not enough to provide long term power and the additional fuel cell will be a good solution.
V. CONCLUSIONS These initial results indicate that the concept of a hybrid Hydrogen Fuel Cell and Solar powered system is effective for small loads in principle for rural and remote locations. The system presented is a useful tool in evaluating different strategies for not only managing peak loads in variable environmental conditions, but also the energy budget over the longer term usage of the system.
Initial results demonstrate that a fuel cell approach can provide a useful alternative to PV or wind for remote power applications, in particular where storage is at a premium.
Ongoing research is now underway with a long term field trial of the system to evaluate its performance and to investigate various algorithms for improving the time between refuelling. Further details of the latest system trials will be presented at the conference.
